Sizing of Battery Converters for Residential PV Storage Systems  by Weniger, Johannes et al.
1876-6102 © 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of EUROSOLAR - The European Association for Renewable Energy
doi: 10.1016/j.egypro.2016.10.092 
 Energy Procedia  99 ( 2016 )  3 – 10 
ScienceDirect
WK,QWHUQDWLRQDO5HQHZDEOH(QHUJ\6WRUDJH&RQIHUHQFH,5(60DUFK
'VVHOGRUI*HUPDQ\
6L]LQJRI%DWWHU\&RQYHUWHUVIRU5HVLGHQWLDO396WRUDJH6\VWHPV
-RKDQQHV:HQLJHU7MDUNR7MDGHQ-RVHSK%HUJQHU9RONHU4XDVFKQLQJ
+7:%HUOLQ8QLYHUVLW\RI$SSOLHG6FLHQFHV
:LOKHOPLQHQKRIVWUDH$%HUOLQ*HUPDQ\
:HEKWWSSYVSHLFKHUKWZEHUOLQGH
$EVWUDFW
:LWKWKHLQFUHDVLQJQXPEHURIGRPHVWLF39SKRWRYROWDLFLQVWDOODWLRQVFRQQHFWHGWREDWWHU\HQHUJ\VWRUDJHV\VWHPVIRUVHOIVXSSO\
SXUSRVHVLQ*HUPDQ\QHZUHVHDUFKWRSLFVVXFKDVWKHVL]LQJRIWKHUHTXLUHGV\VWHPFRPSRQHQWVKDYHHPHUJHG,QWKLVSDSHUWKH
LPSDFWRIWKHUDWHGEDWWHU\FRQYHUWHUSRZHURQWKHXWLOL]DWLRQRI39DWWDFKHGEDWWHU\V\VWHPVLQUHVLGHQWLDOEXLOGLQJVLVGLVFXVVHG
)LUVWWKHUDWLREHWZHHQWKHEDWWHU\FRQYHUWHUUDWLQJDQGWKHVWRUDJHFDSDFLW\LVDQDO\]HGIRUDYDULHW\RIUHVLGHQWLDOEDWWHU\V\VWHPV
DYDLODEOHRQWKHPDUNHW7KHUHDIWHUVLPXODWLRQVZLWKDWHPSRUDOUHVROXWLRQRIVDUHSHUIRUPHGLQRUGHUWRLGHQWLI\KRZWKHUDWHG
EDWWHU\ FRQYHUWHU SRZHU DIIHFWV WKH HQHUJ\ WKURXJKSXW RI WKH EDWWHU\ V\VWHP WDNLQJ DFFRXQW RI WKH FKDUDFWHULVWLF FRQYHUVLRQ
HIILFLHQF\ FXUYHV 7KH UHVXOWV VKRZ WKDW EDWWHU\ FRQYHUWHU VL]HV LQ WKH UDQJH RI  WR  N:DUH RSWLPDO LQ WHUPV RIPD[LPXP
GLVFKDUJHGHQHUJ\IRUWKHPRVWV\VWHPFRQILJXUDWLRQVXQGHUVWXG\+RZHYHUEDWWHU\FRQYHUWHUVUDWHGEHWZHHQWRRIWKH
RSWLPDOSRZHUUDWLQJDUHVXIILFLHQWWRSURYLGHPRUHWKDQRIWKHPD[LPXPGLVFKDUJHDEOHHQHUJ\IURPWKHEDWWHU\V\VWHP%DVHG
RQWKHVHILQGLQJVLWFDQEHFRQFOXGHGWKDWVPDOOVL]HGEDWWHU\FRQYHUWHUVUDWHGDWWRN:DUHVXIILFLHQWIRUUHVLGHQWLDOVHOI
FRQVXPSWLRQDSSOLFDWLRQV

7KH$XWKRUV3XEOLVKHGE\(OVHYLHU/WG
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RI(85262/$57KH(XURSHDQ$VVRFLDWLRQIRU5HQHZDEOH(QHUJ\
Keywords:%DWWHU\VWRUDJHSKRWRYROWDLF39EDWWHU\6HOIFRQVXPSWLRQ6L]LQJ%DWWHU\LQYHUWHU
 


&RUUHVSRQGLQJDXWKRU7HOID[
E-mail address:MRKDQQHVZHQLJHU#KWZEHUOLQGH
Available online at www.sciencedirect.com
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of EUROSOLAR - The European Association for Renewable Energy
4   Johannes Weniger et al. /  Energy Procedia  99 ( 2016 )  3 – 10 
,QWURGXFWLRQ
7KHPDUNHWIRUJULGFRQQHFWHGEDWWHU\VWRUDJHGHYLFHVDWWDFKHGWRUHVLGHQWLDO39V\VWHPVLVJURZLQJFRQWLQXRXVO\
,QFRXQWULHVOLNH*HUPDQ\WKHLQVWDOODWLRQRIVXFK39EDWWHU\V\VWHPVLQSULYDWHKRXVHKROGVLVDLPHGDWLQFUHDVLQJ
WKHVHOIFRQVXPSWLRQRIWKH39HQHUJ\RQVLWHDQGWKHUHE\WKHKRPHRZQHUVVHOIVXIILFLHQF\,QWKHSDVWVXFKEDWWHU\
VWRUDJHGHYLFHVXVXDOO\FRPSULVHGRIOHDGDFLGEDWWHULHV+RZHYHUDJURZLQJSHUFHQWDJHRIQHZO\LQVWDOOHG39EDWWHU\
V\VWHPVLVHTXLSSHGZLWKOLWKLXPLRQEDWWHULHVLQ*HUPDQ\>@'HSHQGLQJRQWKHFRQQHFWLRQRIWKH39V\VWHPDQG
EDWWHU\ VWRUDJH RQH FDQ GLVWLQJXLVK EHWZHHQ $& DQG '&FRXSOHG 39EDWWHU\ V\VWHPV >@ $&FRXSOHG EDWWHU\
V\VWHPV DUH DWWDFKHG WR WKH UHVLGHQWLDO EXLOGLQJV$&EXV DQG39 V\VWHPYLD ELGLUHFWLRQDO$&'&FRQYHUWHUV ,Q
'&FRXSOHGV\VWHPVWKHEDWWHU\XQLWLVOLQNHGHLWKHUWRWKH'&VLGHRUWRWKHLQWHUPHGLDWHFLUFXLWRIWKH39LQYHUWHU
YLDELGLUHFWLRQDO'&'&FRQYHUWHUV$VDUHVXOWWKHUDWHGSRZHURIWKH$&'&RUWKH'&'&FRQYHUWHUUHVWULFWVWKH
FDSDELOLW\RIWKHEDWWHU\V\VWHPWRVWRUHVXUSOXV39SRZHUDQGWRVXSSO\WKHORDGV,QRWKHUZRUGVWKHFKDUJLQJDQG
GLVFKDUJLQJSRZHULVOLPLWHGWRWKHSRZHUUDWLQJRIWKHEDWWHU\FRQYHUWHU
6HYHUDOSUHYLRXVVWXGLHVKDYHLQYHVWLJDWHGWKHVL]LQJRIWKHEDWWHU\V\VWHPZLWKUHJDUGWRRSWLPDOVWRUDJHFDSDFLW\
EDVHGRQWHFKQRHFRQRPLFDQDO\VHV>@±>@+RZHYHU WKHUH LVD ODFNRIVWXGLHVDQDO\]LQJWKHVL]LQJRI WKHSRZHU
HOHFWURQLF FRPSRQHQWV LQ JULGFRQQHFWHG 39EDWWHU\ V\VWHPV IRU UHVLGHQWLDO VHOIVXSSO\ DSSOLFDWLRQV ,Q JHQHUDO
FRQYHUWHU VL]LQJ UHFRPPHQGDWLRQV DUH UHOHYDQW HLWKHU IRU WKHPDQXIDFWXUHURU LQVWDOOHU GHSHQGLQJRQZKHWKHU WKH
EDWWHU\V\VWHPLVSUHDVVHPEOHGRUPRGXODU
)RUDEHWWHUXQGHUVWDQGLQJRIKRZWKHEDWWHU\FRQYHUWHUVL]LQJDIIHFWVWKHEHQHILWRIWKHEDWWHU\V\VWHPDW\SLFDO
HIILFLHQF\FXUYHRIDELGLUHFWLRQDO$&'&FRQYHUWHUUDWHGDWN:LVGHSLFWHGLQ)LJXUHD7KHVKRZQFRQYHUVLRQ
HIILFLHQF\ UHSUHVHQWV WKH UDWLR EHWZHHQ WKH $& DQG '&SRZHU GXULQJ WKH GLVFKDUJLQJ SURFHVV DQG LQ D ILUVW
DSSUR[LPDWLRQ YLFH YHUVD GXULQJ WKH FKDUJLQJ SURFHVV 7KH FRQYHUWHU HIILFLHQF\ XVXDOO\ YDULHV ZLWK WKH SRZHU
WKURXJKSXWGXHWRGLIIHUHQWORVVPHFKDQLVPV,QJHQHUDOLWFDQEHVHSDUDWHGLQWRSRZHULQGHSHQGHQWORVVHVYROWDJH
ORVVHVSURSRUWLRQDOWRWKHSRZHUDQGUHVLVWLYHORVVHVSURSRUWLRQDOWRWKHVTXDUHRIWKHSRZHU>@$WORZSRZHUOHYHOV
WKHUHGXFHGHIILFLHQF\LVPDLQO\FDXVHGE\WKHSRZHULQGHSHQGHQWORVVHV7KHFRQYHUWHUXQGHUVWXG\UHDFKHVLWVSHDN
HIILFLHQF\RIDWDERXWRIWKHSRZHUUDWLQJN:%\LQFUHDVLQJWKHSRZHUWKURXJKSXWDGHFOLQHLQWKH
HIILFLHQF\GRZQWRDWIXOOORDGGXHWRKLJKHUUHVLVWLYHORVVHVFDQEHREVHUYHG,WPXVWEHQRWHGWKDWWKHVKDSH
RIWKHHIILFLHQF\FXUYHPD\YDU\IURPFRQYHUWHUWRFRQYHUWHUDQGGHSHQGVRQWKHVSHFLILFFRQYHUWHUWRSRORJ\



)LJXUH7\SLFDOHIILFLHQF\FKDUDFWHULVWLFDDQGWKHFRUUHVSRQGLQJSRZHUORVVHVERIDELGLUHFWLRQDO$&'&EDWWHU\FRQYHUWHUVFDOHGWR
GLIIHUHQWVXSSRVHGFRQYHUWHUUDWLQJVGDWDFRQYHUVLRQHIILFLHQF\DWQRPLQDOYROWDJHRIWKHFRQYHUWHU60$6XQQ\,VODQG0ZLWKN:RI
UDWHGSRZHU
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7RUHYHDOWKHPHDQLQJRIWKHQRPLQDOSRZHURIWKHFRQYHUWHUWKHSUHVHQWHGHIILFLHQF\FXUYHZDVVFDOHGWRGLIIHUHQW
SRZHUUDWLQJVDVVKRZQLQ)LJXUHD&RUUHVSRQGLQJO\WKHHIILFLHQF\DVDIXQFWLRQRIWKH$&SRZHUYDULHVZLWK
WKHSRZHUUDWLQJRIWKHFRQYHUWHUV&RPSDUHGWRWKHN:UDWHGFRQYHUWHUKLJKHUFRQYHUVLRQHIILFLHQFLHVFDQEH
DFKLHYHGE\XVLQJDVPDOOVL]HGFRQYHUWHUUDWHGDWN:DW$&SRZHUOHYHOVRIXSWRN:1HYHUWKHOHVVDW$&
SRZHUOHYHOVDERYHN:WKHKLJKHVWHIILFLHQF\OHYHOVFDQEHDFKLHYHGZLWKWKHODUJHVL]HGFRQYHUWHUUDWHGDWN:
7KHFRUUHVSRQGLQJSRZHUORVVHVDVDIXQFWLRQRIWKH$&SRZHUIRUWKHWKUHHFRQYHUWHUUDWLQJVDUHLOOXVWUDWHGLQ
)LJXUH  E 7KH SRZHU ORVVHV IROORZ DQ DSSUR[LPDWHO\ SDUDEROLF LQFUHDVH ZLWK UHVSHFW WR WKH $&SRZHU 7KH
LQWHUVHFWLRQVEHWZHHQWKHHIILFLHQF\FXUYHVZLOOOHDGWRLGHQWLFDOSRZHUORVVHV%\FRPSDULQJWKHFXUYHVLWEHFRPHV
DSSDUHQWWKDWWKHGLIIHUHQFHVLQWKHSRZHUORVVHVEHORZN:RI$&SRZHUDUHPDUJLQDOFRPSDUHGWRWKRVHDERYHWKLV
WKUHVKROG7KLVLVGXHWRWKHIDFWWKDWDGURSLQHIILFLHQF\E\RQHSHUFHQWDJHSRLQWFDXVHVKLJKHUDEVROXWHSRZHUORVVHV
DWKLJKHU$&SRZHUOHYHOV+HQFHFRQVLGHUDEOHGLIIHUHQFHVLQWKHSRZHUORVVHPHUJHDW$&SRZHUOHYHOVDERYHN:
GXHWRWKHGHFOLQHLQWKHHIILFLHQF\DWSRZHUOHYHOVFORVHWRWKHFRQYHUWHUUDWLQJ:KHQN:RI$&SRZHUDUHSURYLGHG
RU DEVRUEHGE\ WKHEDWWHU\ FRQYHUWHUV WKHSRZHU ORVVYDULHVEHWZHHQDQG: IRU WKH DQGN:UDWHG
FRQYHUWHUUHVSHFWLYHO\,QFLUFXPVWDQFHVLQZKLFKWKH$&SRZHUDPRXQWVWRN:WKHGLVFUHSDQF\LQWKHSRZHU
ORVVEHWZHHQWKHFRQYHUWHUVLVOHVVWKDQ:$WWKRVHSRZHUOHYHOVWKHJDLQLQHIILFLHQF\E\XVLQJDVPDOOHUFRQYHUWHU
LVDOPRVWQHJOLJLEOHGXHWRWKHUHODWLYHO\ORZ$&SRZHUDQGWKHUHE\ORZSRZHUORVVHV
$SDUWIURPWDNLQJWKHHIILFLHQF\FKDUDFWHULVWLFLQWRDFFRXQWWKHFRQYHUWHUVL]HKDVWREHFKRVHQZLWKUHJDUGWRWKH
VL]HRIWKHEDWWHU\7KHUHODWLRQEHWZHHQWKHQRPLQDOFRQYHUWHUSRZHUDQGWKHEDWWHU\FDSDFLW\RIGLVWLQFWFRPPHUFLDOO\
DYDLODEOH$&DQG'&FRXSOHGEDWWHU\V\VWHPVLVVKRZQLQ)LJXUH7KHXVDEOHEDWWHU\FDSDFLW\RIWKHV\VWHPVXQGHU
VWXG\YDULHVEHWZHHQDQGN:KDQGWKHUDWHGFRQYHUWHUSRZHUYDULHVEHWZHHQDQGN::LWKLQFUHDVLQJ
EDWWHU\FDSDFLWLHVWKHUHLVDWHQGHQF\WRZDUGVODUJHUVL]HGEDWWHU\FRQYHUWHUV)RUUHDVRQVRIEHWWHUFRPSDUDELOLW\WKH
UDWLREHWZHHQ WKHQRPLQDOFRQYHUWHUSRZHUDQG WKHXVDEOHEDWWHU\FDSDFLW\ LV WHUPHGFRQYHUWHU VL]LQJ UDWLR LQ WKH
IROORZLQJ7KHFRORUHGOLQHVUHSUHVHQWGLIIHUHQWFRQYHUWHUVL]LQJUDWLRVUDQJLQJIURPWRN:N:K2QO\WZR
EDWWHU\V\VWHPVKDYHDFRQYHUWHUVL]LQJUDWLRRIOHVVWKDQN:N:K7KHEXONRIWKHGHSLFWHGEDWWHU\FRQYHUWHUVLV
UDWHGDWWRN:N:K


)LJXUH5DWHGEDWWHU\FRQYHUWHUSRZHUDQGXVDEOHEDWWHU\FDSDFLW\RIGLIIHUHQW$&DQG'&FRXSOHGV\VWHPVGDWDGDWDVKHHWVSHFLILFDWLRQVRI
WKHPDQXIDFWXUHURUV\VWHPSURYLGHU
0HWKRGROJ\
)RU WKHSXUSRVHRITXDQWLI\LQJ WKH LPSDFWRI WKHEDWWHU\FRQYHUWHUVL]HRQ WKHDQQXDOHQHUJ\ WKURXJKSXWRI WKH
EDWWHU\V\VWHPSRZHUIORZVLPXODWLRQVDUHSHUIRUPHGIRUDQ$&FRXSOHG39EDWWHU\V\VWHP7KLVVHFWLRQSURYLGHV
DQRYHUYLHZRIWKHLQSXWGDWDDQGPRGHOVRIWKHVLPXODWLRQVWXG\
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2.1. Input profiles 
7KHSRZHURXWSXWRIWKH39V\VWHPLVFDOFXODWHGXVLQJDZHDWKHUGDWDVHWSURYLGHGE\WKH8QLYHUVLW\RI2OGHQEXUJ
*HUPDQ\>@7KHGDWDVHWFRQWDLQVVUHVROYHGPHDVXUHPHQWVRIWKHLUUDGLDQFHGLIIXVHDVZHOODVJOREDODQGDPELHQW
WHPSHUDWXUHUHFRUGHGRYHUWKHFRXUVHRIWKH\HDU:LWKLQWKLVSHULRGWKHKRUL]RQWDOJOREDOLUUDGLDWLRQDPRXQWV
WRN:KPð
7KHGHPDQGFXUYHRIDVLQJOHIDPLO\KRXVHKROGLVUHSUHVHQWHGE\DVUHVROYHGORDGSURILOHQRVHOHFWHGIURP
DGDWDEDVHZLWKGRPHVWLFORDGSURILOHV>@7KHORDGSURILOHVDUHJHQHUDWHGWKURXJKORDGSURILOHV\QWKHVLVE\PHDQV
RIPHUJLQJWZRPHDVXUHGORDGGDWDVHWVZLWKWHPSRUDOUHVROXWLRQVUDQJLQJIURPVWRPLQ,QWKLVZD\WKHW\SLFDO
IOXFWXDWLQJFKDUDFWHULVWLFVRIDKRXVHKROGVORDGGHPDQGZLWKSURQRXQFHGSHDNVDQGVWHHSUDPSVLVSUHVHUYHG7KH
DQQXDOVXPRIWKHFKRVHQORDGSURILOHDPRXQWVWRDERXW0:K
2.2. PV-battery system model 
)LUVWWKHLUUDGLDQFHSURILOHRQWKHSODQHRIWKHVRXWKRULHQWHGDQGGHFOLQHG39DUUD\LVGHWHUPLQHGEDVHGRQWKH
PHDVXUHGJOREDODQGGLIIXVHLUUDGLDQFHXVLQJJHRPHWULFUHODWLRQVDQGWKH.OXFKHUPRGHO>@7KHSRZHURXWSXWRIWKH
39JHQHUDWRULVPRGHOOHGDVGHVFULEHGLQ>@E\WDNLQJWKHDPELHQWWHPSHUDWXUHDQGLUUDGLDQFHRQWKHWLWOHGDUUD\LQWR
DFFRXQW$GGLWLRQDOJHQHUDWRUORVVHVDUHFRQVLGHUHGZLWKHPSLULFDOIDFWRUVREWDLQHGIURPPRQLWRULQJGDWD>@7KH
FRQYHUVLRQHIILFLHQF\RIWKH39LQYHUWHULVGHSLFWHGE\WKHPRGHOSURSRVHGE\6FKPLGWDQG6DXHU>@7KHPD[LPXP
SRZHURXWSXWRIWKH39LQYHUWHULVOLPLWHGWRN:N:S,QDIXUWKHUVWHSWKHUHVXOWLQJSRZHURXWSXWRIWKH39V\VWHP
LVVFDOHGWRN:SRIQRPLQDO39SRZHULQWKHUHIHUHQFHFDVH
7KHSURILOHVRIWKH39SRZHURXWSXWDQGORDGGHPDQGDUHXVHGWRFDOFXODWHWKHUHVLGXDOSRZHU39RXWSXWPLQXV
ORDGZKLFKFDQSRWHQWLDOO\EHDEVRUEHGRUSURYLGHGE\WKH$&FRXSOHGEDWWHU\V\VWHP7KHOLWKLXPLRQEDWWHULHVDUH
PRGHOOHGE\ D VLPSOLILHG DSSURDFK DVVXPLQJD FRQVWDQW URXQG WULS HIILFLHQF\RI >@7KHSRZHU ORVVRI WKH
ELGLUHFWLRQDOEDWWHU\FRQYHUWHUZLWKUHJDUGWRWKHUHVLGXDOSRZHUQRUPDOL]HGWRWKHUDWHGFRQYHUWHUSRZHULVPRGHOOHG
E\DTXDGUDWLFIXQFWLRQILWWHGWRWKHSRZHUORVVFXUYHRIWKH60$6XQQ\,VODQG0FRQYHUWHUDWQRPLQDOYROWDJHDV
VKRZQLQ)LJXUHE,WLVDVVXPHGWKDWWKHFRQYHUVLRQHIILFLHQF\DQGWKHUDWHGFRQYHUWHUSRZHUDUHLGHQWLFDOGXULQJ
WKHFKDUJLQJDQGGLVFKDUJLQJSURFHVV
0RUHRYHU WKHEDWWHU\FRQYHUWHU LVDVVXPHGWREHVZLWFKHGRII LQSHULRGVZLWKRXWXVDJH7KHUHIRUHQRVWDQGE\
FRQVXPSWLRQLVWDNHQLQWRDFFRXQW$VWKHSRZHUIORZVDUHDJJUHJDWHGRYHUDOOWKUHHSKDVHVUHVWULFWLRQVGXHWRWKH
PD[LPXPDOORZDEOHDV\PPHWU\RIN9$EHWZHHQWZRH[WHUQDOFRQGXFWRUVDUHQHJOHFWHGFI>@7KHEDWWHU\
V\VWHP LVRSHUDWHGZLWKDFRQWURO VWUDWHJ\DLPHGDWPD[LPL]LQJ WKHEDWWHU\ WKURXJKSXW&RQVHTXHQWO\ WKHEDWWHU\
V\VWHPLVFKDUJHGDVVRRQDVWKH39SRZHURXWSXWLVKLJKHUWKDQWKHORDGGHPDQGXQWLOWKHPD[LPXPVWDWHRIFKDUJH
LVUHDFKHG,QWKHUHIHUHQFHFDVHWKHEDWWHU\FRQYHUWHULVUDWHGDWN:DQGWKHXVDEOHEDWWHU\FDSDFLW\LVVHWWRN:K
5HVXOWV
7KLVVHFWLRQDLPVDWDQDO\]LQJWKHSRZHUIORZVDQGHQHUJ\WKURXJKSXWRI39DWWDFKHGEDWWHU\V\VWHPVZLWKUHJDUG
WRWKHLUUDWHGEDWWHU\FRQYHUWHUSRZHUE\PHDQVRIVLPXODWLRQV)LJXUHDYLVXDOL]HVWKHFDOFXODWHGSRZHUIORZVRI
WKH39EDWWHU\V\VWHPXQGHUVWXG\ZLWKN:RIUDWHGEDWWHU\FRQYHUWHUSRZHULQWKHFRXUVHRIRQHH[HPSODU\GD\
7KH39RXWSXWVXPRIWKHSRVLWLYHSRZHUIORZVLVHLWKHUGLUHFWO\FRQVXPHGE\WKHORDGXVHGWRFKDUJHWKHEDWWHU\
V\VWHPRUIHGLQWRWKHJULG7KHVXPRI WKHQHJDWLYHSRZHUIORZVLVFRYHUHGHLWKHUE\SRZHUGLVFKDUJHGIURPWKH
EDWWHU\V\VWHPRUE\SRZHUGUDZQIURPWKHJULGDQGLVHTXDOWRWKHUHVLGXDOSRZHU$VWKHUHVLGXDOSRZHUQHLWKHU
H[FHHGVWKHPD[LPXPFKDUJLQJQRUWKHPD[LPXPGLVFKDUJLQJSRZHUWKHUDWHGEDWWHU\FRQYHUWHUSRZHURIN:GRHV
QRWFRQVWUDLQWKHSRZHUIORZVDEVRUEHGRUSURYLGHGE\WKHEDWWHU\V\VWHPRQWKLVSDUWLFXODUGD\
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
)LJXUH3RZHUIORZVRIDUHVLGHQWLDO39EDWWHU\V\VWHPZLWKN:DDQGN:ERIUDWHGEDWWHU\FRQYHUWHUSRZHU LQ WKHFRXUVHRIRQH
H[HPSODU\GD\UDWHG39SRZHUN:SXVDEOHEDWWHU\FDSDFLW\N:K
,I WKH EDWWHU\ FRQYHUWHU LV UDWHG DW N: WKH ORZHU QRPLQDO FRQYHUWHU SRZHU ZLOO DIIHFW WKH FKDUJLQJ DQG
GLVFKDUJLQJSURFHVVDVVKRZQLQ)LJXUHE2QWKHRQHKDQGWKHFKDUJLQJSRZHULVOLPLWHGWRN:DQGWKHUHE\
WKHEDWWHU\UHDFKHVWKHIXOO\FKDUJHGVWDWHDWDODWHUSRLQWLQWLPH2QWKHRWKHUKDQGORDGSHDNVJUHDWHUWKDQWKHUDWHG
FRQYHUWHUSRZHUDUHRQO\SDUWLDOO\VXSSOLHGE\WKHEDWWHU\V\VWHP&RQVHTXHQWO\WKHPLQLPXPEDWWHU\V\VWHPVVWDWH
RIFKDUJHLVUHDFKHGODWHUDWQLJKW2QWKLVSDUWLFXODUGD\QRSRZHUUDWLQJUHODWHGORVVHVLQWKHEDWWHU\V\VWHPVHQHUJ\
WKURXJKSXWLQFXUUHGE\WKHVPDOOHUVL]HGEDWWHU\FRQYHUWHUDUHYLVLEOH+RZHYHUWKHORVVHVDVVRFLDWHGZLWKWKHQRPLQDO
SRZHURIWKHFRQYHUWHUDUHVWURQJO\DIIHFWHGE\WKHGDLO\FRXUVHRIWKH39SURGXFWLRQDQGGHPDQGFXUYH7KXVWKH
LPSDFWRIWKHEDWWHU\FRQYHUWHUVL]HRQWKHSRZHUIORZVKDVWREHDQDO\]HGRYHUORQJHUSHULRGVRIRQH\HDURUPRUH
)LJXUHDVKRZVWKHDQQXDOHQHUJ\FRQWHQWGLVWULEXWLRQZLWKUHJDUGWRWKHFKDUJLQJDQGGLVFKDUJLQJSRZHUOHYHOV
IRUWKHUHIHUHQFHFRQILJXUDWLRQZLWKN:RIFRQYHUWHUUDWLQJ)RUDEHWWHUFRPSDUDELOLW\WKHVLJQFRQYHQWLRQRIWKH
EDWWHU\SRZHUGXULQJWKHFKDUJLQJDQGGLVFKDUJLQJSURFHVVLVQHJOHFWHG(DFKEDUUHSUHVHQWVWKHVKDUHRIWKHVSHFLILF
FKDUJLQJDQGGLVFKDUJLQJSRZHU OHYHOVRQ WKHDQQXDO DPRXQWRI FKDUJHGDQGGLVFKDUJHGHQHUJ\ UHVSHFWLYHO\%\
FRPSDULQJ ERWK GLVWULEXWLRQV LW LV HYLGHQW WKDW WKH FKDUJLQJ SRZHU LV GLVWULEXWHG PRUH HYHQO\ FRPSDUHG WR WKH
GLVFKDUJLQJSRZHU7KHEDWWHU\FKDUJLQJSRZHURQO\RFFDVLRQDOO\UHDFKHVSRZHUOHYHOVDERYHN:,QFRQWUDVWWKH
EDWWHU\V\VWHPLVGLVFKDUJHGDWIXOOORDGPRUHIUHTXHQWO\ZKLFKFDQEHDWWULEXWHGWRORDGSHDNVWKDWH[FHHGWKHQRPLQDO
FRQYHUWHUSRZHU1HYHUWKHOHVVDERXWRIWKHDQQXDOO\GLVFKDUJHGHQHUJ\LVSURYLGHGDWSRZHUOHYHOVRIOHVVWKDQ
N:DVGHPRQVWUDWHGE\WKHFXPXODWLYHGLVWULEXWLRQFXUYHLQ)LJXUHE7KHFXPXODWLYHVXPRIWKHFKDUJHGHQHUJ\
LQFUHDVHVDOPRVW OLQHDUO\XSWRN:DQGLVIXUWKHUEHORZWKHFXPXODWLYHVXPRI WKHGLVFKDUJHGHQHUJ\XSWR WKLV
WKUHVKROG ,W LVZRUWKQRWLQJWKDW WKHVKDSHRIVXFKHQHUJ\FRQWHQWGLVWULEXWLRQFXUYHVPD\YDU\GHSHQGLQJRQ WKH
V\VWHPFRQILJXUDWLRQDQGWKHFRLQFLGHQFHEHWZHHQWKH39RXWSXWDQGORDGGHPDQG
8   Johannes Weniger et al. /  Energy Procedia  99 ( 2016 )  3 – 10 
 
)LJXUHD'LVWULEXWLRQRIWKHHQHUJ\FRQWHQWFKDUJHGDQGGLVFKDUJHGDWGLIIHUHQWSRZHUOHYHOVDVDSHUFHQWDJHRIWKHUHVSHFWLYHDQQXDODPRXQWRI
HQHUJ\:VWHSZLGWKE&XPXODWLYHVXPRIWKHDQQXDODPRXQWRIFKDUJHGDQGGLVFKDUJHGHQHUJ\DVDIXQFWLRQRIWKHEDWWHU\SRZHUUDWHG
39SRZHUN:SXVDEOHEDWWHU\FDSDFLW\N:KUDWHGEDWWHU\FRQYHUWHUSRZHUN:DQQXDOORDGGHPDQG0:K
0RUHRYHUWKHDQQXDORSHUDWLRQDOUHVXOWVLQWHUPVRIFKDUJHGDQGGLVFKDUJHGHQHUJ\ZHUHGHWHUPLQHGIRUYDULRXV
EDWWHU\FRQYHUWHUVL]HV)URPDQHFRQRPLFSHUVSHFWLYHWKHDPRXQWRIGLVFKDUJHGHQHUJ\VXEVWLWXWHGJULGVXSSO\LV
YDOXHGKLJKHUWKDQWKHDPRXQWRIFKDUJHGHQHUJ\UHGXFHGJULGIHHGLQLQ*HUPDQ\7KHUHIRUHKHUHLQDIWHUWKHDQQXDO
DPRXQWRIHQHUJ\SURYLGHGE\WKHEDWWHU\V\VWHPVHUYHVDVDEHQFKPDUN
)LJXUHDLOOXVWUDWHVKRZWKHGLVFKDUJHGHQHUJ\FKDQJHVZLWKYDU\LQJFRQYHUWHUVL]HVEHWZHHQDQGN:7KH
VLPXODWLRQUHVXOWVDUHQRUPDOL]HGWRWKHPD[LPXPDPRXQWRIGLVFKDUJHGHQHUJ\RIN:KREWDLQHGZLWKDN:
UDWHGEDWWHU\FRQYHUWHU,IWKHUDWHGFRQYHUWHUSRZHUGLIIHUVIURPLWVRSWLPXPWKHGLVFKDUJHGHQHUJ\ZLOOYDU\VOLJKWO\
RYHUDEURDGUDQJHRIEDWWHU\FRQYHUWHUUDWLQJV+HQFHWKHUHLVDSURQRXQFHGSODWHDXLQWKHGLVFKDUJHGHQHUJ\DURXQG
LWVPD[LPXP2Q WKHRQHKDQG DPRGHUDWHGHFUHDVH LQ WKHGLVFKDUJHGHQHUJ\ IRU FRQYHUWHU VL]HV ODUJHU WKDQ WKH
RSWLPXPFDQEH IRXQG7KLV LV UHODWHG WR WKH HIILFLHQF\ FKDUDFWHULVWLF DQG UHGXFHG FRQYHUVLRQ HIILFLHQFLHV DW ORZ
VSHFLILFSRZHUOHYHOVVHH)LJXUH2QWKHRWKHUKDQGXVLQJDN:UDWHGFRQYHUWHU LQVWHDGRIDN:UDWHG
FRQYHUWHUOHDGVWRDORVVLQWKHGLVFKDUJHGHQHUJ\RIRQO\$EDWWHU\FRQYHUWHUUDWHGDWN:HQDEOHVWKHSURYLVLRQ
RIDERXWRIWKHPD[LPXPZLWKGUDZDEOHHQHUJ\1RWHWKDWWKLVORVVFRUUHVSRQGVWRDQLQFUHDVHLQWKHDPRXQWRI
HQHUJ\WKDWKDVWREHVXSSOLHGE\WKHJULGRIDERXWN:KSHU\HDUIRUWKHV\VWHPFRQILJXUDWLRQXQGHUVWXG\)URP
DQHFRQRPLFSRLQWRIYLHZWKHLQFUHDVHGJULGVXSSO\LVSDUWLDOO\FRPSHQVDWHGE\WKHKLJKHUJULGIHHGLQDVWKHDPRXQW
RIHQHUJ\XVHGIRUFKDUJLQJWKHEDWWHU\V\VWHPDOVRGHFUHDVHVE\DSSUR[LPDWHO\WKHVDPHYDOXH
7RGHWHUPLQHZKHWKHUWKHFRQYHUWHUVL]LQJUHODWHGHQHUJ\ORVVHVDUHLQFXUUHGUDWKHUE\UHVWULFWLQJWKHFKDUJLQJRU
E\UHVWULFWLQJWKHGLVFKDUJLQJSURFHVVDVHQVLWLYLW\DQDO\VLVZDVFRQGXFWHGE\YDU\LQJWKHUDWHGFKDUJLQJDQGWKHUDWHG
GLVFKDUJLQJSRZHULQGHSHQGHQWO\IURPHDFKRWKHU,Q)LJXUHEWKHGLVFKDUJHGHQHUJ\QRUPDOL]HGWRLWVPD[LPXP
LVSORWWHGDVD IXQFWLRQRI WKHFKDUJLQJDQGGLVFKDUJLQJSRZHUUDWLQJ7KHSHDNRIGLVFKDUJHGHQHUJ\DPRXQWV WR
N:KDQGLVDFKLHYHGZLWKN:RIUDWHGFKDUJLQJSRZHUDQGN:RIUDWHGGLVFKDUJLQJSRZHU+HQFHWKH
RSWLPDOUDWHGSRZHUGXULQJGLVFKDUJLQJLVODUJHUWKDQWKDWGXULQJFKDUJLQJIRUWKHUHIHUHQFHFRQILJXUDWLRQ$WUDWHG
SRZHUOHYHOVDERYHDSSUR[LPDWHO\N:WKHDPRXQWRIGLVFKDUJHGHQHUJ\LVPRUHVHQVLWLYHWRWKHUDWHGGLVFKDUJLQJ
SRZHU%HORZWKLVWKUHVKROGDUHGXFWLRQLQWKHUDWHGFKDUJLQJSRZHUGURSVWKHGLVFKDUJHGHQHUJ\PRUHVLJQLILFDQWO\
FRPSDUHGWRDUHGXFWLRQLQWKHUDWHGGLVFKDUJLQJSRZHU

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)LJXUHD3HUFHQWDJHRIWKHPD[LPXPDPRXQWRIGLVFKDUJHGHQHUJ\SHU\HDUDVDIXQFWLRQRIWKHUDWHGEDWWHU\FRQYHUWHUSRZHUDDVZHOODV
UDWHGFKDUJLQJDQGUDWHGGLVFKDUJLQJSRZHUEFRPSDUHGWRWKHFRUUHVSRQGLQJPD[LPXPUDWHG39SRZHUN:SXVDEOHEDWWHU\FDSDFLW\N:K
,QDGGLWLRQVLPXODWLRQVZHUHFDUULHGRXWIRUYDULRXVV\VWHPFRQILJXUDWLRQVLQWHUPVRIUDWHG39SRZHUDQGXVDEOH
EDWWHU\ FDSDFLW\ LQ RUGHU WR GHWHUPLQH WKH RSWLPDO EDWWHU\ FRQYHUWHU VL]LQJ )URP DQ HQHUJHWLF SRLQW RI YLHZ WKH
FRQYHUWHU VL]H WKDW DOORZVGLVFKDUJLQJ WKHPD[LPXPDPRXQWRI HQHUJ\ IRU D FHUWDLQ V\VWHPFRQILJXUDWLRQ FDQEH
UHJDUGHGDVWKHRSWLPDOFRQYHUWHUUDWLQJ)LJXUHDVKRZVWKHFDOFXODWHGRSWLPDOUDWHGEDWWHU\FRQYHUWHUSRZHUZLWK
YDU\LQJ39DUUD\DQGEDWWHU\VL]HVRIXSWRN:SDQGN:KUHVSHFWLYHO\7KHILUVWWKLQJWRQRWHLVWKDWWKHUHLVD
JHQHUDOWHQGHQF\WRZDUGVODUJHURSWLPDOEDWWHU\FRQYHUWHUVZKHQLQFUHDVLQJWKHVL]HRIWKH39V\VWHPDQGVWRUDJH
GHYLFH DVZHOO$QRSWLPDOEDWWHU\ FRQYHUWHU VL]HRIN:ZDVGHWHUPLQHG IRU WKH UHIHUHQFH FRQILJXUDWLRQZLWK
N:SRILQVWDOOHG39SRZHUDQGN:KRIXVDEOHEDWWHU\FDSDFLW\FI)LJXUHD,IERWKV\VWHPFRPSRQHQWVDUH
WZLFHDVODUJHDEDWWHU\FRQYHUWHUUDWHGDWN:ZLOOEHWKHRSWLPDOFKRLFH
0RUHRYHUWKHRSWLPDOFRQYHUWHUVL]HPD\GHFUHDVHZKHQVROHO\HQODUJLQJWKH39V\VWHPRUEDWWHU\V\VWHPVL]H
+RZHYHUGXHWRWKHSODWHDXLQWKHGLVFKDUJHGHQHUJ\DURXQGLWVPD[LPXPFI)LJXUHDWKHORVVHVLQWKHGLVFKDUJHG
HQHUJ\RIFRQYHUWHUVL]HVWKDWVOLJKWO\GLIIHUIURPWKHRSWLPXPDUHLQWKHRUGHUDIHZN:KSHU\HDU&RQVHTXHQWO\
VSHFLILFHYHQWVLQWKHORDGSURILOHPD\FDXVHVXFKLUUHJXODULWLHVLQWKHFDOFXODWHGRSWLPDOFRQYHUWHUVL]H

 

)LJXUH 2SWLPDO UDWHG EDWWHU\ FRQYHUWHU SRZHU D DQG PLQLPXP UHTXLUHG UDWHG EDWWHU\ FRQYHUWHU SRZHU WR SURYLGH  RI WKH PD[LPXP
GLVFKDUJHDEOHHQHUJ\EDVDIXQFWLRQRIWKH39V\VWHPDQGEDWWHU\VWRUDJHVL]HDQQXDOORDGGHPDQG0:K

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)LQDOO\ WKH VPDOOHVW EDWWHU\ FRQYHUWHU VL]H WKDW IDFLOLWDWHV WKH SURYLVLRQ RI DW OHDVW  RI WKH PD[LPXP
GLVFKDUJHDEOHHQHUJ\RIHDFKV\VWHPFRQILJXUDWLRQLVVKRZQLQ)LJXUHE7KLVPLQLPXPUHTXLUHGUDWHGEDWWHU\
FRQYHUWHUSRZHUYDULHVEHWZHHQDQGN:GHSHQGLQJRQWKHV\VWHPVL]H&RQVHTXHQWO\EDWWHU\FRQYHUWHUVUDWHG
DWDERXWWRRIWKHRSWLPDOFRQYHUWHUUDWLQJDUHVXIILFLHQWWRHQVXUHWKDWWKHFRQYHUWHUVL]LQJUHODWHGHQHUJ\
ORVVHVLQWKHGLVFKDUJHGHQHUJ\DUHOHVVWKDQ
&RQFOXVLRQ
7KHDLPRIWKLVSDSHUZDVWRLQYHVWLJDWHWKHLPSDFWRIWKHEDWWHU\FRQYHUWHUUDWLQJRQWKHHQHUJ\WKURXJKSXWRI39
DWWDFKHGVWRUDJHV\VWHPV7KHUHVXOWVJDLQHGIURPVUHVROYHGVLPXODWLRQVUHYHDOWKDWWKHEDWWHU\FRQYHUWHUVL]HDIIHFWV
WKHEDWWHU\FKDUJHDQGGLVFKDUJHEHKDYLRUDQGWKHUHE\WKHDQQXDODPRXQWRIVWRUHG39HQHUJ\)RUWKHEXONRIWKH
V\VWHPFRQILJXUDWLRQVXQGHUVWXG\DVHQVLWLYLW\DQDO\VLVVKRZVWKDWEDWWHU\FRQYHUWHUVUDWHGDWWRN:DUHRSWLPDO
LQ WHUPVRI WKHPD[LPXPGLVFKDUJHG HQHUJ\+RZHYHU LQPRVW FDVHVDEDWWHU\ FRQYHUWHU UDWHG DW WRN: LV
VXIILFLHQWZLWKRXWORVLQJPRUHWKDQRIWKHRSWLPXPGLVFKDUJHGHQHUJ\&RQVHTXHQWO\WKHUDWHGEDWWHU\FRQYHUWHU
SRZHUFDQEHVL]HGVLJQLILFDQWO\VPDOOHUWKDQWKHUDWHG39SRZHULQUHVLGHQWLDOEXLOGLQJV
$SDUWIURPWKHHQHUJHWLFSRLQWRIYLHZWKHUHDUHVHYHUDODGGLWLRQDODVSHFWVZKLFKKDYHWREHWDNHQLQWRDFFRXQW
ZLWKLQWKHVFRSHRIWKHFRQYHUWHUGLPHQVLRQLQJ6PDOOVL]HGFRQYHUWHUVZLOORSHUDWHDWQRPLQDOSRZHUPRUHIUHTXHQWO\
ZKLFK PD\ UHGXFH WKH OLIHH[SHFWDQF\ RI WKH FRQYHUWHU GXH WR HOHFWURQLF FRPSRQHQW VWUHVV >@ 0RUHRYHU WKH
FDSDELOLW\ IRUSHDNVKDYLQJSURSRVHVDQGDQFLOODU\ VHUYLFHVPLJKWEH UHVWULFWHG IRU VPDOOVL]HGEDWWHU\FRQYHUWHUV
+RZHYHUVPDOOHUFRQYHUWHUVDUHXVXDOO\OHVVFRVWLQWHQVLYH$VDUHVXOWDWUDGHRIIEHWZHHQWKHPD[LPXPHQHUJ\
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